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Introduction
The world's population is aging. For the first time in history, people aged 65 and over will soon outnumber children under the age of 5 (NIA, 2015) . These demographic changes impact all aspects of society, including the health care system. It has long been suggested that there is a common factor underlying cognitive abilities as, for example, performance strongly correlates between memory and verbal tests in the young adult population (Conway, Cowan, Bunting, Therriault, & Minkoff, 2002; McCabe et al., 2010) . Cognitive abilities significantly change with age, affecting professional skills and well-being (Li & Lindenberger, 2002; Park & Reuter-Lorenz, 2009; Salthouse, 2009 ). Evidence suggests a common factor underlying these cognitive changes in healthy aging (for a review, see Kiely & Anstey, 2017) . For example, Baltes and Lindenberger (1997) found that age-related changes of five cognitive functions were correlated. Salthouse and Czaja (2000) found more than eleven cognitive variables that shared a common variance dependent on age.
Contrary to cognition, there seems to be no common factor for adult vision Bosten & Mollon, 2010; Cappe, Clarke, Mohr, & Herzog, 2014; Chamberlain, Van der Hallen, Huygelier, Van de Cruys, & Wagemans, 2017; Emery, Volbrecht, Peterzell, & Webster, 2017; Peterzell, 2016) . As in cognition, vision is affected by age-related changes. Decline has been found in contour integration (Roudaia, Bennett, & Sekuler, 2013) , motion perception (Arena, Hutchinson, & Shimozaki, 2012; Bennett, Sekuler, & Sekuler, 2007; Billino, Bremmer, & Gegenfurtner, 2008; Pilz, Miller, & Agnew, 2017) , biological motion (Agnew, Phillips, & Pilz, 2016; Billino et al., 2008; Norman, Payton, Long, & Hawkes, 2004; Pilz, Bennett, & Sekuler, 2010; Spencer, Sekuler, Bennett, Giese, & Pilz, 2016) , vernier acuity (Garcia-Suarez, Barrett, & Pacey, 2004; Li, Edwards, & Brown, 2000) and spatial and temporal processing (Pilz, Kunchulia, Parkosadze, & Herzog, 2015; Roudaia et al., 2013) .
Aging may affect certain people more than others, which may, for instance, be due to differences in optical decline and life style. For this reason, even though there is no unique common factor for vision in young people, it is possible that such a factor emerges during aging. In most studies investigating visual perception in healthy aging, performance of younger and older people is compared using only a single or very few perceptual tests, which prevents drawing specific conclusions on common factors (e.g., Andersen, 2012; Bennett et al., 2007; Billino et al., 2008; McBain, Norton, & Chen, 2010; Owsley, McGwin, & Seder, 2011; Pilz et al., 2010 Pilz et al., , 2015 Pilz et al., , 2017 Spear, 1993) . Here, we employed a much larger battery of mainly perceptual tasks compared with previous studies and investigated performance in younger and older participants. The tests are not all purely perceptual but are all somehow representative of various visual functions.
We also included three cognitive tests in our battery to assess a potential relationship between cognitive and perceptual functions. Visual sensation and perception precede cognition and, hence, cognitive deficits may at least partially be related to sensory and perceptual deficits, e.g., attentional changes might in fact be changes in visual filtering (Lee, Itti, Koch, & Braun, 1999) .
Indeed, moderate to strong correlations were found between sensory and cognitive abilities (Anstey, Hofer, & Luszcz, 2003; Ghisletta & Lindenberger, 2005; Lindenberger & Baltes, 1994; Lindenberger & Ghisletta, 2009 ; for a review, see Kiely & Anstey, 2017) .
As in previous studies, we found strong performance differences between younger and older adults and only weak correlations between tests in the younger population. Surprisingly, we found only weak correlations between tests in the older population, i.e., performance in one test did not predict performance in other tests.
Methods

Participants
We tested 105 younger and 131 older participants. Older participants were recruited from the general population in Tbilisi, Georgia, and from a course about refreshing driving skills in Lausanne, Switzerland. For the young group, we recruited university students from both Lausanne and Tbilisi Universities. All participants had normal or corrected-to-normal visual acuity, as assessed via the Freiburg visual acuity test (FrACT; Bach, 1996) and had no known history of eye diseases, such as macular degeneration or cataract. All older adults were screened for mild cognitive impairments with the Montreal Cognitive Assessment (MoCa; Nasreddine et al., 2005 ).
Since we wanted to test only healthy participants, we excluded 36 older participants because their scores were lower than 26, which is the threshold for a potential mild cognitive impairment. In addition, data of one young and three older participants were excluded because of excessive data loss. Therefore, we report the results for the remaining subset of 92 older participants (60-90 years, Center of Experimental Biomedicine in Tbilisi, Georgia. All participants gave written informed consent, were reimbursed for their participation, and were informed that they could quit the experiment at any time.
Procedure and Analysis
All participants performed 19 visual tests, of which some tests were versions of the same paradigm.
For example, we tested biological motion perception with four conditions. In addition, participants Table S1 ). For each test, the optimization procedure minimized the average of the Shapiro-Wilk test statistic values for the two age groups (younger and older). That is, the optimized exponent  was test-specific but not group-specific. For tests that used the same measure, the same exponent was applied (i.e., Bio200 = Bio800 = Bio200i = Bio800i, BMask5 = BMask25
and DigitF = DigitB). Finding the optimal exponent for rescaling was interleaved with outlier identification in order to alleviate the problem of both steps, rescaling and outlier identification, spoiling each other.
This procedure was modified for the vernier duration and the biological motion tests, which showed strong floor or ceiling effects at least for some group or conditions. For vernier duration, thresholds above 500 ms were classified as outliers and removed, and the scores were logtransformed. For the biological motion tests, the few outliers were identified and removed just after rescaling.
Finally, we z-transformed the data for each test and flipped the sign when better performance was indicated by lower values. Hence, higher scores indicate better performance for all tests.
Merging task repetitions.
For the visual backward masking tasks, performance was determined twice for both the 5 and the 25 elements grating. In the factor analysis, we used the mean values of the two measurements.
Data imputation. We removed data from participants who had more than 25% of the scores missing, e.g., due to outlier rejection. This was the case for one younger and three older participants. For the factor analysis, we imputed missing scores using the function 'mice' from the R package 'mice' with method 'norm' (Bayesian linear regression). Since in total only 2.9% of the scores were missing, we used simple imputation with only one imputation sample.
Factor analysis. To determine the optimal number of factors for each group, we ran exploratory and confirmatory factor analyses for F factors and chose the model with the minimal Akaike criterion. For the exploratory factor analysis (EFA), we extracted F factors (F ranging from 1 to 6) with 'varimax' rotation using the R function 'principal' from the R package 'psych'. In order to simplify the factor structure and to arrive at a suitable hypothesis for the subsequent confirmatory factor analysis, we followed the approach by Jöreskog (1978) . First, we identified for each factor
Fi the variable Vi which loaded maximally on the factor Fi. Then we performed a suitable linear transformation (oblique rotation) such that the Vi has an even larger loading on the rotated factor Fi and zero or very small loadings on all other rotated factors. Hence after the rotation, these variables mainly loaded on one factor only. For the confirmatory analysis (CFA), we constructed a path model from the simplified model by including only connections whose loadings were > 0.3 (or < -0.3, respectively). So, the null hypothesis for the CFA is that all other loadings are exactly zero. The coefficients of this path model were computed with the 'sem' function of the R package 'psych'. The correlation matrices that were used to compute the factor analysis for the young and old population are reported in the Supplemental Material (Table S2) .
For the young population, the 3-factor model had the smallest Akaike criterion, for the older population it was the 4-factor model, which we report in detail.
Tests 2.3.1. Perceptual tests
Vernier discrimination and backward masking
We adapted the shine-through paradigm (Herzog, Kopmann, & Brand, 2004; Roinishvili, Chkonia, Stroux, Brand, & Herzog, 2011) . Vernier stimuli were presented from a distance of 500 cm in a dimly illuminated room. The stimuli were white on a black background. In a first step, we presented vernier stimuli consisting of two vertical bars which were offset in the horizontal direction ( Figure 1a) . Participants indicated via button press the offset direction of the lower bar compared to the upper bar (left or right). Errors were indicated by an auditory signal. For each observer, we determined the individual vernier duration (VernDur) required to reach 75% correct responses using a staircase procedure (for details, see Chkonia et al., 2010) . The staircase procedure started with a duration of 150 ms. In addition to the individual vernier duration, we also determined the vernier offset thresholds (VernOfs) for the 150 ms condition. In the backward masking conditions, the vernier was followed by a variable inter-stimulus interval (ISI), i.e., a blank screen, and then a grating for 300 ms. We used the individual vernier duration for each observer as determined in the vernier discrimination task and we varied the ISI adaptively using a staircase procedure (Taylor & Creelman, 1967) . The grating consisted of either 5 (BMask5) or 25 (BMask25) aligned elements of the same length as the target vernier (Figure 1b) . We reported the stimulus onset asynchrony (SOA = individual VernDur + ISI, in ms). The five elements grating leads to stronger masking than the 25 elements grating even though the five elements grating is contained within the 25 elements grating (Herzog & Koch, 2001) . This difference in masking strength indicates that a substantial part of the masking power is not of retinal origin because retinal processing is mainly determined by the sheer amount of light, e.g., the number of grating elements presented. No feedback was given.
Freiburg Visual Acuity Test (FrACT)
This test has been developed and described in detail by Bach (1996) and has been validated in various studies (Schulze-Bonsel, Feltgen, Burau, Hansen, & Bach, 2006; Wesemann, 2002) .
Landolt-C optotypes with randomized gap orientations were presented on a computer monitor (Figure 1c) . Participants indicated the direction of the gap ('up', 'down', 'left', 'right') by verbalizing their responses and the experimenter operated the input device. The size of each optotype changed adaptively following the best-PEST algorithm (Treutwein, 1995) .
Orientation discrimination (Orient)
This is an adapted version of the orientation discrimination test as used previously (Tibber, Guedes, & Shepherd, 2006) . Participants were seated 200 cm from the computer screen and were asked whether a Gabor patch was oriented clockwise or anticlockwise (Figure 1d ). Auditory feedback was given for incorrect responses. The outcome measure was the perceptual threshold in degrees from vertical.
Contrast sensitivity (Contrast)
We measured contrast sensitivity similarly to Lahav et al. (2011) . Stimuli were presented from a distance of 200 cm in a dimly illuminated room. Participants indicated in which of two subsequently presented circles (first red, second green, Figure 1e ) a Gabor patch was presented.
Participants had to press the button corresponding to the color of the circle in which the Gabor was presented (i.e., a red or green button). A staircase method was used to determine the contrast threshold level at which participants reached 75% correct responses. Auditory feedback was given for incorrect responses.
Motion direction discrimination (Motion)
This test measures global motion perception. Stimuli and procedures were based on work by Banton, Dobkins, and Bertenthal (2001) . Participants were seated 200 cm in front of the screen, and had to judge the motion of dot patterns. On each trial, a certain number of dots moved either to the right or to the left (target), and a certain number of dots moved independently from each other (distractors). The percentage of target dots varied according to a staircase procedure (PEST).
The starting value was 20%.
Biological motion perception
Participants were seated 60 cm from the screen and indicated the walking direction of a point-light walker via a button press (left or right, Figure 1f ). The walker did not move across the screen, but appeared to walk in place as if on a treadmill. The walker's direction of motion was either rightward or leftward, and the walker was either presented upright or inverted (conditions were not intermixed) for either 200 or 800 ms (upright: Bio200, Bio800; inverted: Bio200i, Bio800i).
We determined accuracy (in %). Auditory feedback was given. For details, see (Pilz et al., 2010) .
Simple reaction time (SimpRT)
Participants were seated at a distance of 200 cm from the computer screen and were instructed to press a button immediately after a white square (3 arc degrees size) appeared on the black background. The inter-trial interval (ITI) was varied randomly to prevent participants from predicting when the square appears. There was a minimal ITI of 1500 ms. Reaction time (in ms)
was measured. This test was a modified version of the classic Hick-paradigm (Hick, 1952) .
Visual search test
Participants searched for a green horizontal line within an array of distractors (green vertical and red horizontal lines, Figure 1g ). They were seated at a distance of 200 cm from the computer screen. The displays consisted of 4, 9 or 16 lines and were presented in random order. Participants had to indicate whether the displays contained the green horizontal line, which was the case in 50% of the trials. Both average reaction time for the correctly answered trials (VSrchRT) and slope of the regression line for reaction time over number of elements (VSrchSL) were assessed.
Simon test (Simon)
We used a modified version of the visual Simon test (Castel, Balota, Hutchison, Logan, & Yap, 2007) . Participants were seated at a distance of 200 cm from the computer screen and were presented with arrows. Participants were instructed to respond with the right hand to a rightpointing arrow and respond with the left hand to a left-pointing arrow. Arrows were presented at three locations on the screen (left, right or center). In congruent trials, the direction of the arrow matched its location (e.g., left-pointing arrow on the left side of the screen), whereas this was not the case for incongruent trials (e.g., left-pointing arrow on the right side of the screen). The magnitude of response conflict (Simon effect) was defined by the difference of the response times for the congruent and the incongruent conditions, divided by the average response time. Only valid responses were taken into account.
Cognitive tests
Verbal fluency (VbFlu)
The Controlled Oral Word Association Test (COWAT) was originally developed by Bechtold and colleagues (Bechtoldt, Benton, & Fogel, 1962) and is a measure of left frontal lobe functioning (Newman, Trivedi, Bendlin, Ries, & Johnson, 2007; Wood, Saling, Abbott, & Jackson, 2001 ).
Participants produced as many words as they could that belonged to the categories of animals and fruit/vegetables. The total number of words from each category was recorded.
Digit span test
Participants were asked to repeat a series of random numbers, which were presented at a rate of one per second. In the digit span forward test (DigitF), participants were asked to repeat the numbers in a forward order. In the digit span backward test (DigitB), participants were asked to report the numbers in reverse order. In DigitF two sets of three digits were presented first, and an additional digit was added if at least one out of two trials had been correctly recalled. For DigitB two sets of two digits were given first. The longest correctly repeated digit length (based on at least one correctly recalled set; maximum of 9 digits for DigitF and DigitB) was reported. The test was adapted from Elliott and colleagues (2011).
Wisconsin Card Sorting Test (WCST)
We administered a computerized version of the WCST (Berg, 1948 ; part of the the PEBL Psychological Test Battery) which contains 64 cards of which four were displayed at the top of the computer screen at a time (Figure 1h) . Each card contained items that differed from the other three cards on three dimensions, namely in shape (crosses, triangles, circles or stars), number (1-4 items) and color (red, blue, yellow, green). A fifth card was then presented on the bottom of the screen, and participants matched the fifth card according to the shape, number of items or color by clicking on one of the four cards displayed at the top of the screen. Participants were not told according to which strategy they were supposed to match the cards. Feedback about whether or not cards were successfully matched was given after each response. Once the participant had learned the correct strategy, the dimension according to which cards had to be matched changed. Hence, participants were required to constantly adjust their strategies. The total number of perseverative errors was assessed.
Questionnaires
Montreal Cognitive Assessment
Participants performed the Montreal Cognitive Assessment (MoCA), which tests for mild cognitive impairments (Nasreddine et al., 2005) . A score between 30 and 26 corresponds to healthy participants, a score between 26 and 16 corresponds to a mild cognitive impairment and a score of below 16 corresponds to dementia.
Geriatric Depression Scale
The Geriatric Depression Scale (GDS; Yesavage et al., 1982 ) is a 30-item questionnaire that tests for depressive symptoms in older subjects. This questionnaire is generally used in geriatric standardized evaluations or for research in depression or cognitive decline.
Autism-Spectrum Quotient questionnaire
The Autism-Spectrum Quotient questionnaire (AQ; Baron-Cohen, Wheelwright, Skinner, Martin, & Clubley, 2001) is a 50-item questionnaire designed to detect symptoms of autism or other symptoms from the autism spectrum.
Results
Performances
Mean values for each test and both groups are reported in Table 1 . Older participants performed significantly worse in all tests except for the verbal fluency test ( Table 2) . Scores on the AutismSpectrum Quotient (AQ) and Geriatric Depression Scale (GDS) did not differ between older and younger participants, indicating the good mental state of the older participants. These results are in line with previous studies (Strauss, Sherman, Spreen, & Spreen, 2006) . 
Correlations
We computed Pearson correlations for the young and old populations (Figure 2Figure 3, respectively). Correlations between most tests are rather low, except for correlations between versions of one paradigm (e.g., between the digit span forward and backward tasks). In the lower triangular matrix, we show the scatter plots of the individual performances together with regression lines plus 95% confidence intervals. The diagonal elements show histograms of the scores. Data were powertransformed to approximate normality, after removing outliers and participants with too many missing scores, but before data imputation. Vernier duration (VernDur) and upward biological motion perception (Bio200 and Bio800) show ceiling effects. and Bio800, also showed high correlations.
Second, with about 100 participants in each group, we had 80% power to detect effect sizes with r of 0.27, which is close to a medium effect size according to Cohen (1988) and a large effect size according to Gignac and Szodorai (2016) .
Factor analysis
First, the values of the Kaiser-Meyer-Olkin's (KMO) Measure of Sampling Adequacy (MSA) were 0.69 for the young and 0.62 for old participants, indicating a rather weak factor structure (according to the KMO's classification of MSA values, the suitability of the data for factor analysis is "mediocre"). Second, we computed a factor analysis for 1 to 6 factors. The best fitting model according to the Akaike criterion was obtained with 3 factors for the young population and 4 factors for the old population (Figure 4Figure 5, respectively) . The best fitting models do not reveal a clear factor structure, where single factors load on specific variables. Variables rather load on many factors (for the detailed model parameter statistics, see Tables S3 and S4 in the Supplemental Material). In addition, loadings are often not high. Third, for most tasks, the uniqueness u 2 is larger than the communalities h 2 , which means that the explained variance by the factors is smaller than the unexplained one (Figures 4 and 5) . 
Discussion
Previous studies have shown strong correlations between cognitive tests in younger adults and have provided evidence for common factors underlying age-related cognitive deterioration (Christensen, Mackinnon, Korten, & Jorm, 2001; Salthouse, Hancock, Meinz, & Hambrick, 1996;  for a review, see Kiely & Anstey, 2017) . Here, we investigated to what extent there are common factors for visual perception.
First, apart from test-retest comparisons or comparisons between similar tasks, we found mainly weak correlations between visual tests in younger adults. A 3-factor model explained the data best without over-fitting. However, the factor structure did not reveal a clear pattern and loadings were mainly low. The 3 factors explained 34.8% of the total variance. As a comparison, the 1-factor model explained 20.4% of the total variance. Our results are in accordance with previous studies (Bosten & Mollon, 2010; Cappe et al., 2014; Grzeczkowski, Clarke, Francis, Mast, & Herzog, 2017; Ward, Rothen, Chang, & Kanai, 2017) . For example, Halpern, Andrews, & Purves, (1999) tested orientation discrimination, motion direction discrimination, vernier discrimination and contrast sensitivity and found a factor explaining 30% of the variance. Bosten et al. (2017) used 25 visual and auditory tests and found a factor that explained 19.9% of the total variance. Ward
and colleagues (2017) tested performance for glass pattern, visual search and motion perception, amongst others. They found two factors explaining 18% and 19% of the variance, respectively.
Across these studies, the explained variance is roughly in the same range. Interpretations differ between studies because different criteria are used to determine how much variance a common factor needs to explain.
Secondly, we found that young people perform much better at all tasks except for the verbal fluency test, which is very much in line with previous findings (Agnew et al., 2016; Bennett et al., 2007; Billino et al., 2008; Garcia-Suarez et al., 2004; Norman et al., 2004; Pilz et al., 2017) .
Thirdly, most visual functions share common optical, retinal, and neural mechanisms (Thorpe & Fabre-Thorpe, 2001 ), which strongly change with age, but to a different extent for each individual (Raz, Perlman, Percicot, Lambrou, & Ofri, 2003; Spear, 1993) . For example, lens clouding may affect most visual functions, and stronger lens clouding may lead to stronger deficits. For this reason, we expected that some older participants would perform generally better than others.
However, this is not what we found as correlations between tests were rather weak. In addition, factor analysis revealed that a 4-factor model explained the data best, however, with no obvious relationship between factors and variables and low factor loadings. For almost all tests, the communalities were smaller than the uniqueness (Figure 5) , indicating that there is more unexplained than explained variance in the model. The 4 factors explained all together 29.1% of the total variance. As a comparison, the 1-factor model explains 13.1% of the total variance. Taken together these results provide no evidence for a common factor for vision.
Our results can be explained neither by a lack of power, given the large number of participants (N = 196 participants), nor by poor test-retest reliability. The visual backward masking and visual search tests showed high test-retest reliability, and the correlations between the different biological motion conditions and between different set-sizes of the visual search tests were also high.
Because of the cross-sectional design of our study, we do not draw conclusions on how perception changes with age. We only claim that we do not find evidence for a common factor for vision in older participants.
We can only speculate why there is more evidence for common factors for cognition than for vision. One reason may be that cognition developed much later in human evolution than vision, which may have led to a much higher degree of specialization in vision (for a review, see Johnson, 1990) . Another reason might be that more brain areas interact when performing cognitive compared to visual tasks. The increase in dedifferentiation with age may lead to higher correlations between cognitive compared to visual tests (Cox et al., 2016; Tucker-Drob, 2009 ). In addition, age-related volumetric changes are widespread across the brain, with the exception of the primary visual cortex (Giorgio et al., 2010; Raz et al., 2005) .
It is important to note that we only tested healthy participants, i.e., we sampled only from participants with good visual acuity (restricted range sampling), which is the vast majority of the population. There are strong correlations between visual tasks in people with optical or neurological pathologies because, for example, a person close to blindness performs poorly in all tests (Kurtenbach, Langrová, Messias, Zrenner, & Jägle, 2013) .
The perceptual tests we chose are representative of visual functions and commonly used to understand visual processing. Gabors, for example, mimic receptive field profiles in primary visual cortex V1 (Jones & Palmer, 1987) . Some of our tests are not considered purely perceptual because they also tap into other aspects such as inhibition and attention; one such example is the Simon task (Bialystok, Craik, Klein, & Viswanathan, 2004) . Our goal was to have a battery of tests which would span a wide range of visual function complexity, from very basic to more complex. Future research is needed to confirm our results with different tests.
We were able to detect the absence of a unique common factor only because we used a large battery of tests. Previous research with older participants has usually employed only one or a few different paradigms and, thus, could not address a common factor hypothesis. Still, most studies support our notion of a lack of a unique common factor for perception because they find that visual abilities age differently and are not equally prone to age-related decline (e.g., Billino et al., 2008; Pilz et al., 2010) .
We expected high correlations between perceptual and cognitive tests because differences in cognitive functions may strongly influence perception and vice-versa. For example, increased processing loads come with strong perceptual deficits and, hence, higher attentional and other cognitive demands (Pichora-Fuller, 2003) . However, we found very low correlations in both younger and older participants between cognitive and perceptual tests (but see Anstey et al., 2003; Christensen et al., 2001; Lindenberger & Ghisletta, 2009 ). We also found only weak correlations between the WCST (measuring executive functions) and verbal fluency or digit span tests, most likely because these tests are measuring very different cognitive functions. These results are in accordance with previous studies (Fabiani & Friedman, 1997; Parkin & Lawrence, 1994; Stratta et al., 1997) . However, McCabe et al. (2010) , found that these three cognitive tests were linked under a common factor representing higher cognitive functions. Our data does not contribute to this discussion because we had only three cognitive tests and thus, cannot address the question of common factors for cognition.
Conclusion.
We found only weak correlations between visual tests in both younger and older adults and no evidence for a common factor. This is good news because age-related deficits in one visual function do not imply deficits in other visual functions.
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